Experiment and simulation demonstrate high power microwave generation at 9 GHz using a 9-cm-diam, 44%keV, 7-kA annular electron beam. The beam is propagated in a coaxial drift tube between inner and outer conductors, a configuration which increases the available beam current and reduces the surface fields from existing high power sources. The microwave interaction is provided by an extended length loaded cavity, overcoming the limitations of radiative loss and low quality factor usually imposed by the coaxial geometry. A coupler samples 25 MW of the total 200 MW produced by the beam-cavity interaction. Simulations indicate that the 7% efficiency can be significantly improved by optimizing the interaction length.
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A number of high power microwave devices, such as relativistic klystrons,1.2 gyroklystrons, traveling wave tubes,4 and free electron lasers' have emerged over the past years to converge on the radio frequency (rf) amplifier requirements for high gradient particle accelerator and high power radar applications. Common among these different approaches is the use of a high energy ( > 400 keV) , high current ( > 100 A), short pulse (<2 ps) electron beam to interact with resonant fields and structures in a single conductor waveguide, resulting in microwave power from several gigawatts to tens of megawatts at frequencies spanning the microwave spectrum from 1 to 30 GHz. As the devices are scaled to higher' frequency or higher power, however, inherent problems remain due to the high field levels in the structures and the high gain of the interactions. Relativistic klystrons must use traveling wave output cavities, or rely on insulation at the cavity gaps, to avoid breakdown and pulse shortening. Gyroklystrons and traveling wave tubes must incorporate means to eliminate unwanted oscillations. In practice, the peak output power is limited in most devices by these considerations as well as the available beam power.
In this letter we report on a coaxial device which generates several hundred megawatts of single frequency radiation in X band. It is possible that a coaxial beam geometry can alleviate many limitations of existing sources. In this configuration, an annular beam is propagated between inner and outer drift tube conductors. Low power amplifiers6 and high power oscillators' in a coaxial geometry have previously been reported. Recently, researchers have analyzed the coaxial Cerenkov interaction* and proposed use of a coaxial system to increase the limiting current in annular beam klystrons.2 The advantage of a large average diameter coaxial configuration is twofold; it is capable of propagating very high currents in the annular beam, and the surface fields are reduced due to the increased volume in the microwave structures. Since the traverse magnetic (TM) mode cutoff frequencies are controlled only by the separation distance between conductors, single mode or discrete cavity interactions may still be preserved. The major disadvantage of a coaxial system is that the transverse elytromagnetic (TEM) mode can propagate in the drift space. This transmission line mode will degrade the quality factor (Q) for standard, small-gap cavities from several thousand to less than a hundred, resulting in a profound loss of efficiency for a normal multicavity klystron arrangement.
To improve the interaction efficiency in our experiment, we designed and manufactured a 16-cm-long toroida1 cavity lined with dielectric. Dielectrics were used for ease of analysis and manufacture, and can be replaced by metallic periodic structures for highest power operation. The extended cavity supports a Tbl mode at phase velocity up <c, thus providing a strong distributed interaction with the beam. The drift tube sections attached to the cavity are cutoff to the TM mode, indicating reflection at the cavity-drift tube boundaries. A substantial amount of cavity energy may be lost to the drift space TEM mode, however. The cavity is similar in many respects to a finite length traveling wave tube,' only that here we benefit from reflections and gain to actively increase the effective Q.
A schematic of the experiment is shown in Fig. 1 . A conical cathode with a graphite tip is fully immersed in the uniform magnetic field of 1 T, and field emits a 2-mm-thick annular beam of 9-cm diameter. The beam parameters of 400 keV, 7 kA, and 50-ns duration are produced by an Experimental Test Accelerator transformer/Blumlein module." The drift tube is composed of 7.6-and 9.8-cmdiam inner and outer conductors, and is terminated by a wedge-shaped silicon carbide absorber. Removing the ab- sorber does not affect device operation. The cavity is loaded with 6-mm-thick acrylic liners on both the inner and outer surfaces. To diagnose the interaction, an azimuthal slot on the cavity endplate couples energy through a transition piece to circular waveguide. The 2.9-cm-diam circular guide Tq, mode is further converted to rectangular guide using a sidearm. This system (or cavity coupler) also serves as a means to input power from an external X-band magnetron to select the interaction frequency. Most of the cavity energy, however, is lost to the drift tube TEM mode, or ultimately to the absorber. Rf magnetic field probes, or pickup loops, placed downstream of the cavity thus provide additional information. Each diagnostic is monitored with a fast diode detector. Microwave emission typically occurs over 20-25 ns, centered around the period of peak beam power. Shorter wave forms ( -10 ns) from the coupler are often observed, and indicate breakdown at the sidearm window. Fluctuations in the output signals across the pulse width are also common, and are likely due to the variations in beam voltage and current.
Two methods are used to identify the frequency of the output radiation. One is a long ( -95 m) section of waveguide which acts as a dispersive line. We have improved the accuracy of this method to about 5 MHz using sensitive calibration and novel diagnostic techniques. An example wave form from the cavity coupler, dispersed using the long section of guide, is displayed in Fig. 2 (a) . Since the cavity operates on the beam over several wavelengths (-6) , the microwave output without injected rf is distributed over several resonant modes. The three modes in Fig.  2 (a) correspond in frequency to 9.6, 9.1, and 8.6 GHz. However, with input drive power from a magnetron at 9.1 GHz, the interaction is locked to the center resonance [see Fig. 2(b) ]. The input power from the magnetron has been varied within the range 10-30 kW, although the exact levels have not been determined due to reflections in the coupling system. The coupler and loop signal amplitudes are insensitive to the magnitude of the external drive, and remain the same even in the absence of input power. Thus,   8 ,'...,....,.'..,....,.' .., Ik 6. the system operates as a single cavity oscillator. Using a double balanced mixer, we can obtain a second independent frequency measurement. A fast Fourier transform (FFT) of the mixed signal from a downstream magnetic field probe is shown in Fig. 3 . With a local oscillator set above 9.3 GHz, and input drive power at 9.1 GHz, we obtain a dominant signal at the correct intermediate frequency. The bandwidth cannot be precisely determined from this technique because of the short microwave pulse duration, but is less than 200 MHz.
To provide an absolute measurement of the power flowing through the coupler, we have built and inserted a hot-air calorimeter" in place of the sidearm. Because of the mechanical design of the coupling system, the calorimeter has been used in the situations without external drive; regardless, the cavity oscillates to the same power level. In this arrangement, the calorimeter has measured up to a maximum of 25 MW of coupled power. A loop in the coupler tube samples the rf envelope, which has shown no evidence of breakdown in the absence of the sidearm window.
Using the 2 l/2 dimension particle-in-cell code MAGIC, we have performed simulations to model and verify the experimental results. A phase-space plot from the beam-cavity interaction is shown in Fig. 4 . Although strong modulation and bunching is created through the cavity, electron reacceleration by the radiation field limits the efficiency of the interaction. This is a saturation mechanism characteristic of many high power microwave devices. Again, a single resonance of the cavity can be selected using input power through the simulation coupler. Figure 5 compares FFTs of the radial electric field in the coupler with and without 25 kW of input drive power. in single frequency operation, the output power flowing through the coupler is diagnosed to be 27 MW, in excellent agreement with the 25 MW from experiment. The total beam kinetic energy loss through the cavity is also measured to be about 200 MW, corresponding to an rf efficiency of 7%. We have performed other simulations to reduce the length of the cavity and avoid saturation effects, which result in total rf power of 500 MW for an increased efficiency of 18%.
To summarize, we have demonstrated that many of the limitations of coaxial sources can be overcome using a single, extended length loaded cavity. We have sampled 25 MW of output power from a 16-cm-long cavity, corresponding to approximately 200 MW in the interaction region at 7% efficiency. The interaction may be locked to a single frequency with modest input power levels from an external X-band source. For the future, we have optimized the design to eliminate saturation effects, which in simulation have increased the total rf power to 500 MW at 18% efficiency. For more complete power extraction, sophisticated output coupler and converter designs are necessary. MAGIC simulation code was supplied by Mission Research Corporation.
